A single-mode non-adiabatic tapered optical fiber (NATOF) sensor was inserted into a Sagnac loop interferometer allowing tuning its sensitivity to refractive index (RI) by use of polarization control. By adjusting any polarization controllers inserted in the Sagnac loop interferometer, various cladding modes are selectively excited in each arm of the interferometric taper resulting into different phase changes for the clockwise and counterclockwise beams. By this method, sensitivity of the sensor for RI in the range from 1.3380 to 1.3510 was tuned between 876.24 RIU/nm to 1233.07 RIU/nm.
INTRODUCTION
In many areas of biophysics, biochemistry and biomedicine measurements are based on two fundamental concepts, namely spectroscopy (fluorescence and absorption) and evanescent field interaction [1] [2] [3] . The second concept is based on the partial overlap of the evanescent guided electromagnetic wave with a medium whose refractive index (RI) is measured. The measurement of changes in RI has applications such as the study of a molecular structure and the identification of organic compounds in the medical, pharmaceutical, plastic, food, industrial fluid, petrochemical and beverage industries [4] .
Tapered fiber-based sensors have recently been reported as simple and cost-effective alternatives among many types of fiber-optic sensors [5] [6] [7] [8] [9] [10] [11] [12] [13] . Some of the tapered fiber-based sensors reported include biconical fiber tapers that can measure stress, temperature, and RI [5] [6] ; make a Mach-Zehnder interferometer [7] , a Michelson interferometer [8] , a tapered long period grating [9] ; a tapered sensor based on absorption [10] ; a tapered fiber humidity sensor [11] ; and a temperature-independent strain sensor made from a tapered holey optical fiber [12, 13] .
Optical fiber Sagnac loop interferometers (FSLIs) have been developed for gyroscopes and other sensor applications due to their unique advantages, such as simple design, ease of manufacture, lower susceptibility to environmental pickup noise in comparison to other types of fiber optic sensors, high sensitivity to external perturbation change, polarization independence to input light, low insertion loss, electromagnetic immunity, and high measuring precision [14] . Usually, the FSLI is based on a high-birefringent fiber to obtain an optical path difference between the fast and the slow axes. Recently, intermodal interference in a small core microstructure fiber loop mirror was demonstrated [15] .
In this work a new configuration based on a NATOF inserted in a FSLI used as an optical refractometer is demonstrated. It is demonstrated the possibility of tuning the device sensitivity to RI variations of the surrounding medium by using polarization control. In this case, the interference is guaranteed by excitation of different high order modes.
PRINCIPLE OF SENSOR
When the optical fiber is tapered, the core-cladding interface is redefined in such a way that the light propagation inside the core penetrates into the cladding, which plays the role of the new core, and the external medium is the new cladding [16] . The tapered fiber consists of a conical segment where the diameter of the fiber gradually decreases, a relatively long taper waist section where the diameter of the fiber is small and uniform, and a second conical segment with its waist merging into the single mode fiber again. Depending on the pulling conditions (pulling speed, length of the heated zone, pulling temperature, etc) one can fabricate biconical tapers with different shapes and properties. Fiber tapers may be divided into two distinct categories: adiabatic and nonadiabatic. A tapered fiber can be considered adiabatic if the main portion of the power remains in the fundamental mode (LP 01 ) and does not couple to higher order modes as it propagates along the taper. To avoid the coupling between the fundamental mode and higher order modes, the taper local length scale must be much larger than the coupling length between these two modes. In other words, the relative local change in the taper radius has to be very small. It has been shown that non-adiabatic fiber tapers can be made so that coupling occurs primarily between the fundamental mode of the unpulled fiber and the first two modes of the taper waveguide (LP 01 , LP 02 ), where due to the large difference of the RIs of air and glass, the taper normally supports more than one mode [4, 16] . The light propagates at the air-cladding interface of the tapers waist region in which case the SMF was converted to the MMF. The result of back and forth coupling between the single mode of the fiber and the two (or more) modes of the taper is oscillations in the spectral response of the taper. Which means the transmission is high for certain wavelengths and low for others (typically, transmission versus wavelength shows periodic behavior) [4] [5] . Therefore, with the NATOF, one achieves a modal Mach-Zehnder interferometer. The efficiency of this last coupling is dependent on the relative phase of the participating modes. When there are only two modes, the relative phase is Δφ =Δβ L, where Δβ and L are the difference in propagation constants of the LP 01 and LP 02 cladding modes accumulated in the beating region and the interaction length along the taper, respectively. Therefore, the spectral response of the taper will shift correspondingly by changing the above terms. For instance, if the RI of the surrounding environment of the taper changes, the difference in propagation constants and the relative phase would be modified leading to a shift of the spectral response. It is thus obvious that one can build sensitive RI sensors based on the NATOF [4] [5] . This interferometric device is appealing for environmental sensing also because to a certain extent it is possible to tune its sensitivity to external RI variations by selecting the order of the cladding mode. Figure 1 illustrates the heat pulling system utilizing a CO 2 laser to fabricate the NATOF. The CO 2 laser beam is focused via a Zn-Se lens of 2.5 cm focal length. The resultant spot size is about 120 μm on the fiber length. After incidence in Figure 1 . Schematic of the fabrication system for a tapered fiber by the heat-pulling method. the SMF, the is then focuse fixed on a tra subjected to fabricate tape number of pu process. The length betwee To measure t launched into spectrum ana r n split into two counter-propagating beams having fifty percent of the input power and a relative phase difference of π/2. Because the coupling efficiency to the different modes supported by the NATOF is polarization dependent, using this configuration it becomes possible to optimize the visibility of the fringe pattern and even its periodicity. This can be done simply by adjusting the PCs and therefore changing the way high order cladding modes are excited. Using two PCs allow us to create different coupling conditions for each of the counter propagating beams breaking the symmetry of the fiber loop resulting in an interferometric output that is very sensitive to external RI.
SENSOR FABRICATION AND EXPERIMENTAL SETUP
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RESULTS AND DESCUSION
To measure the sensitivity of our tapered fibers to the RI of the surrounding environment, the fiber holder was filled with different concentrations of salt solution and its optical transmission was measured. The RI of the solutions tested was in the range from 1.3380 to 1.3510. After each measurement, a micropipette was used to remove the solution from the fiber holder, and the device was washed three times with distilled water. In the experimental setup, the NATOF was fixed under tension in the fiber holder preventing its bending inside the fiber holder. As a result strain was a constant parameter during the experiment. During the tests the temperature of the solution was kept approximately constant showing changes smaller than ±0.5•C. These fluctuations lead to wavelength shifts of about ±0.01 nm which is the OSA maximum accuracy. Therefore, during the test, the NATOF showed no cross sensitivity to temperature and strain. By varying any of the PCs, the coupling conditions to different cladding modes are changed in each arm of the TFSLI resulting in different optical paths for clockwise and counterclockwise beams. In figure 4 the results obtained for three different positions of the PCs are presented. Comparison of figure 4a ) and figure 4b) shows that the amount of power coupled to each mode can be controlled enabling visibility enhancement. In addition, figure 4c ) shows a fringe pattern with a smaller period, demonstrating the possibility to excite different higher order modes. In this case a lower visibility is obtained due to low mode power. We have experimentally measured the wavelength shift of transmission peak 1 (as depicted in Fig. 4 ) at different RI of the surrounding environment for different positions of the PCs. ) and (c) with case (a) an improvement of 17% and 41% can be estimated, respectively. This sensitivity enhancement agrees with the fact that high order cladding modes are typically more sensitive to RI. The configuration presented here offers simplicity of design and an enhancement of almost an order of magnitude in sensitivity when compared to previous work of a Hi-Bi FLM using chemical etched D-type fiber for RI measurement [14] . In addition, in this particular case, the sensitivity of the TFLM can be controlled and showing great potential in several applications, particularly to monitor chemical and biological parameters in natural environments.
SUMMARY AND CONCLUSION
In conclusion, a single-mode nonadiabatic tapered optical fiber (NATOF) sensor was inserted into a optical fiber Sagnac loop interferometers (FSLIs) enabling the control of its sensitivity to refractive index (RI). In particular, by adjustment of polarization, sensitivity of the sensor for RI in the range from 1.3380 to 1.3510 could be enhanced by as much as 41% to 1233.07 nm/RIU. It should be emphasized that these figures are not any limiting values as sensitivity and detection limit of NATOF sensor can be enhanced by increasing of the taper length and decreasing of the waist diameter. In this context, the configuration presented here is a simple and cost-effective way to further enhance the NATOF sensitivity and versatility, having great potential in label free optical biosensor applications such as medical diagnostics, drug screening, food safety and environment monitoring.
